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Abstract 
In view of the realization of high efficiency four-junction solar cells, InGaP layers, lattice matched to InGaAs, and (001) 6° off 
Ge substrate are grown by low pressure MOCVD at growth temperatures as low as 500 °C. The grown samples are undoped, p-
type (doped by Zn) and n-type (doped by Te) materials with thickness around 1 μm. The ternary compound composition and 
structural properties are analysed by High Resolution X-Ray Diffraction and Transmission Electron Microscopy (TEM). 
Completely disordered InGaP layers are obtained with a target energy gap above 1.88 eV and a controlled Zn concentration 
around 1017 cm-3. The interface properties are studied by High Resolution TEM. A nanometric scale waviness is observed at the 
interface between InGaP and InGaAs and it is correlated to the step bunching of the substrate offcut. In addition to this, HRTEM 
shows a 2-3 nanometer thin layer originated by atomic interdiffusion between the As- and the P- based compounds. The 
difference in composition of this interdiffusion layer is demonstrated by depth resolved Cathodoluminescence (CL), which 
reveals - approaching the InGaP/InGaAs interface, a blue shift of the InGaP related peak and the appearance of a new CL 
emission band ascribed to a quaternary InGaAsP compound.  
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1. Introduction 
The multi-junction (MJ) solar cell is a series connection of independent sub-solar cells with different band gap 
energies, such that the subcell with the highest bandgap is on top and the one with the lowest is on the bottom [1]. In 
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this way, it is possible to exploit a broader range of the solar spectrum and increase the solar cell conversion 
efficiency. The subcells can be monolithically grown or mechanically stacked on a single substrate [2]. In 
monolithically grown solar cells, the subcells are connected in series through tunnel junctions to form a two terminal 
solar cell device. Metal Organic Chemical Vapor Deposition (MOCVD) grown MJ solar cells can be lattice-matched 
by using InGaP/InGaAs/Ge subcells. Ge acts both as the bottom cell and as a mechanical substrate for the whole 
device. 
 The lattice match approach guarantees the lowest defects density, but limits the bandgap and thickness of the 
layers, therefore has a limited efficiency. However, the properties of interfaces in heterostructures are of key 
importance in the operation of this kind of devices. The influence of interface properties on the characteristics of the 
InGaP as the absorber layer in an optoelectronic device was demonstrated in the literature, as for example [3].  
The future performance improvement of lattice-match concentration solar cells is strictly related to the 
possibility of adding a fourth junction into the heterostructures [4], without compromising the material properties. A 
possible solution relies on the use of group IV compounds like SiGeSn as the 1 eV junction to be inserted between 
the InGaAs and Ge junctions, along with the use of a high energy top cell based on III-V ternary or quaternary 
compounds [5]. The main difficulties in realizing this kind of device lies in the contemporary growth of III-V and IV 
group semiconductor compounds in the same MOCVD chamber and in the low growth temperature (Tg) necessary 
for the incorporation of Sn. Temperatures between 300 and 350 °C are usually adopted for the growth of SiGeSn 
with Sn content up to 10% [6]. 
 High band gap InGaP top cells can be usually obtained at growth temperatures above 650 °C or by using high-
angle misoriented substrates [7;8]. On the other hand, four-junction solar cells would require a top cell grown at low 
temperature in order to reduce inter-diffusion, which can compromise the tunnel junction performance. Indeed the 
growth of InGaP at low temperature could allow high gap top cells and, at the same time, a lower thermal load in the 
solar cell structure. 
In this work the influence of low Tg on the basic structural, optical and doping properties of 1 μm thick InGaP 
layers is studied. High Resolution X-Ray Diffraction (HRXRD), Room Temperature Photoluminescence (PL) and 
Cathodoluminescence (CL) and Electrochemical Capacitance Voltage (ECV) profiling techniques are used to study 
the composition, the optical and structural properties of the InGaP materials. The quality of the interfaces and the 
interdiffusion mechanisms, between the InGaP and InGaAs layers, are studied by High-Resolution Transmission 
Electron Microscope (HRTEM), combined with depth resolved CL spectroscopic analyses. 
2. Experimental 
The MOCVD used to grow the InGaP samples is an AIX2800G4 Planetary Reactor with a modified growth 
chamber developed by AIXTRON under RSE specification. In particular the MOCVD reactor design has a new 
temperature tuning capability and is optimized for both group IV and III-V growth. A new heating system was 
developed allowing the adjustment of the center-to-edge temperature of the wafer carrier to keep the wafer surface 
temperature constant and uniform [9]. The MOCVD system is equipped with a LayTec EpiTTCurve in-situ 
diagnostic tool, allowing to measure the true (emissivity corrected) wafer surface temperature profile, the reflectivity 
at three different wavelengths (405 nm, 633 nm and 950 nm) and the wafer curvature. The samples studied in this 
work are MOCVD grown heterostructures InGaP/InGaAs lattice matched to the Ge (001) 6° off towards the (110) 
direction substrate. The precursors used for the growth of the compounds are Trimethylindium (TMGa), 
Trimethylgallium (TMIn) as Ga and In sources respectively, and AsH3 and PH3 as Arsenic and Phosphorus sources 
respectively. The process gas carrier is Hydrogen and the process pressure is 50 mbar. The InGaP layers are grown 
at a Tg of 500 °C on undoped InGaAs layers grown at Tg of 625 °C. A BRUKER HRXRD D8 Discover equipment 
is used for composition studies by means of 2θ−ω curves and Reciprocal Space Maps acquisition. The 
diffractometer is used in the triple crystal configuration with a 4 bounce (220) Ge monochromator and a (220) Ge 
analyzing crystal. The diffracted beam is detected by a linear LYNXEYE detector. The carrier concentration profiles 
are acquired by an ECV Profiler WEP CVP21, sensitive to a 1012 – 1020 cm-3 carrier concentration range, with a 
depth resolution up to 10 nm. The structural studies at the nanoscale are performed by High Resolution 
Transmission Electron Microscopy (HRTEM) carried out at 200 kV in a JEM 2200FS Field Emission analytical 
microscope. High-Angle Annular Dark-Field (HAADF) imaging is performed in STEM mode with a convergence 
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semiangle of 11.9 mrad and an inner detection semiangle of 75 mrad. Commercial Gatan monoCL-II system, fitted 
onto an S360 Cambridge Scanning Electron Microscope, is used for optical spectroscopy and imaging. The system 
is equipped with a grating and a multi-alkali photomultiplier sensitive in the range 500 – 1200 nm (2.5 eV - 1 eV). 
Depth-resolved CL study is carried out varying the electron accelerating voltage from 15 keV to 25 keV, with a 
constant electron beam current of 70nA [10]. It is worth noting that the intensity of CL bands of the different spectra 
cannot be compared because we kept the electron beam current constant, instead of the injected power density. The 
PL analyses are performed by a homemade apparatus based on 3 laser diodes of 450 nm (blue), 520 nm (green) and 
785 nm (NIR), which can be contemporary focused on the sample. The emitted light is detected by an Ocean optics 
SB2000+ spectrometer sensitive in the wavelength range of 475 nm – 1030 nm, which covers the emission energies 
of both the InGaP and InGaAs materials. 
3. Results and discuscussion 
The grown samples are simplified heterostructures explicitly grown to test the InGaP properties to low Tg and 
investigate the properties of the interface between As- based and P- based compounds. The InGaP layers are 
undoped, n-type, doped with Tellurium (Te) and p-type, doped with Zinc (Zn). In particular the doping levels are 
selected to be suitable for the emitter and the base of the MJ top junction. The reduction of Tg induces an increase of 
the InGaP bandgap as predicted in some literature works [11,12], due to the removal of ordering in to the material. 
The room temperature PL spectra, normalized in intensity, of a low Tg grown InGaP and an InGaP grown at higher 
Tg (640 °C) are compared in Fig. 1(a). The PL spectrum from the InGaP top cell material of a high efficiency TJ 
solar cell, commercially available, is added for comparison. A clear blue shift of 100 meV between the high and the 
low Tg InGaP PL bands is highlighted. The complete disappearance of any ordering into the InGaP, as the reason of 
bandgap increasing, is demonstrated by acquiring 2θ−ω HRXRD profiles along the unusual (1/2, 1/2, 5/2) 
asymmetrical reflection. As published by [13-15] an X-Ray feature characteristic of the presence of order in 
InGaP/GaAs is shown, whose intensity is correlated to the degree of order. In Fig. 1(b) the (1/2, 1/2, 5/2) 
asymmetrical reflection 2θ−ω curves of 2 InGaP grown at 640 °C with 2 InGaP grown at 500 °C are compared. The 
total absence of any X-Ray peak for both the undoped and Zn doped sample is clear. 
   
Fig. 1. (a) Comparison among the RT-PL spectra of InGaP layers grown at 500 °C and 640 °C and a commercial available TJ solar cell; (b) 
Comparison among HRXRD 2θ−ω curves along the (1/2; 1/2; 5/2) asymmetrical direction of 500 °C and 640 °C grown at different Zn doping 
levels. 
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  b 
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Fig. 2. Comparison among of the ECV curves of Zn doped and an undoped InGaP layer. 
 
 
The n/p junction of the top cell is a homoepitaxy n-InGaP/p-InGaP, where the doping levels as well as the 
electron and hole concentration profiles has to be controlled. In particular, by reducing the Tg the control of the 
introduction of the Zn atoms, used for obtaining p-type InGaP, becomes difficult, because of the increased atomic 
incorporation ratio during MOCVD growth. A very wide range of hole concentrations, between 1017 and 1019 cm-3, 
by controlling the Zn concentration in the vapor phase is obtained, as shown by the ECV curves in Fig. 2. A very 
homogeneous hole concentration profile through the whole p-InGaP thickness is obtained for all the doping levels, 
demonstrating a good control of the incorporation of the dopants during the MOCVD growth. A diffusion effect 
towards the InGaAs layer underneath is observed only at the highest ([h]=1019 cm-3) doping level. The same reliable 
control of doping incorporation is achieved with Te atoms (not shown here), which is used for the n-type doping 
suitable for the emitter part of the junction. 
TEM studies have been performed to verify if the samples are affected by extended defects, like misfit or 
threading dislocations. A typical HAADF overview of the complete heterostructure in cross-section is reported in 
Fig. 3. Despite the small lattice mismatch measured by HRXRD between InGaP and InGaAs, a good homogeneity 
and crystalline quality of both the layers is observed, without any threading dislocation, and the interfaces appear 
flat on micrometric scale. The analysis of the InGaP/InGaAs interface at the atomic scale (Fig. 4) shows the 
characteristic ripples due to a step bunching growth on misoriented substrates [16].   
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Fig. 3. Cross sectional STEM-HAADF image of the complete heterostructure over Ge substrate. 
 
Fig. 4. (a) Cross sectional HRTEM image acquired at the InGaP/InGaAs interface. The sample is tilted, near <110> zone axis, to enhance the 
(002) diffracted beam contribution; (b) Intensity profile across the interface in Fig. 3(a).  
 
In this kind of heterostructures, a common problem is the atomic interdiffusion of As element into the InGaP 
material, which can influence the electro-optical properties of the final device. The analysis of compositionally-
sensitive diffraction contrast in (002) TEM imaging conditions provides a perfect picture of compositional variations 
at the nanoscale. Fig. 4 shows a representative bright field TEM image (panel a) acquired near the <110> zone axis, 
with a sample tilt allowing to excite a strong (002) diffracted beam, together with the corresponding intensity profile 
across the interface (panel b). A brighter region, less than 2 nm thick, is clearly visible at the interface between 
InGaP and InGaAs, and is likely indicative of a very thin interdiffusion layer. The effect of the nanometric 
interdiffusion layer, observed by HRTEM, on the optical properties of the materials is studied by acquiring depth 
resolved CL spectra. In comparison to PL, CL is characterized by a high depth resolution. The probed depth varies 
by changing the SEM electron beam energy (Eb). In order to study the optical properties of the InGaP, InGaAs layer 
and the related interface, we choose to carry out the depth resolved CL analysis, using 15 keV and 25 keV electron 
beam energies, respectively. The maximum electron penetration depths are calculated by a free software package for 
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Monte Carlo simulation of electron trajectories in solids [17] “CASINO” and are shown in Fig. 5(a). With Eb=15 
keV, the maximum number of generated carriers is within 300 nm and the majority of the carriers are generated 
inside the 1 μm thick InGaP layer. By increasing Eb up to 25 keV, about 50% of carriers are generated into the 
InGaAs layer and therefore it is possible to investigate the optical properties of the InGaP/InGaAs interface and of 
the InGaAs layer. The depth resolved CL study (Fig. 5b) reveals that the 15 keV CL spectrum (blue line) shows a 
single peak at 1.86 eV, corresponding to the InGaP near band edge (NBE) emission. The 25 keV CL spectrum 
(green line) presents three bands set at 1.43 eV, 1.85 eV and 1.98 eV. These bands can be attributed to the InGaAs 
NBE, to the InGaP NBE, and to the thin interdiffusion layer, supposed as a quaternary material, revealed by 
HRTEM (Fig. 4), respectively. By considering the III-V bandgap vs composition diagram a rough estimation of the 
composition of the InGaAsP layer with CL emission energy of 1.98 eV can be provided. The bandgap of InGaAsP 
depends strongly on the As to In relative content. A high bandgap material is possible only with an In content lower 
than 36%, for 1%<As<34%. For this reason we suppose that a very low diffusion of As atoms occurs, when 
contemporarily the concentration of In atoms reduces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Monte Carlo simulation of the depth of interaction volume at different beam energies (Eb); (b) RT-CL spectra acquired at different 
electron beam energies (Eb) 
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4. Conclusions 
In view of the realization of high efficiency four junction solar cells, InGaP layers undoped, n- and p-type lattice 
matched to InGaAs and (001) 6° off Ge substrate are grown by low pressure MOCVD at growth temperatures as 
low as 500 °C. Materials with wide bandgap, demonstrated by PL peak energy above 1.88 eV and complete absence 
of order are obtained.  A complete control of the doping incorporation and of its in depth homogeneity is achieved. 
The absence of extended defects is demonstrated by cross sectional TEM analyses. High quality interfaces between 
InGaP and InGaAs with a very thin (about 2 nm) interdiffusion layer is obtained. A nanoscale wavyness is observed 
by High-Resolution TEM and is correlated to the step bunching of the 6° offcut of Ge substrate. The depth resolved 
CL analyses show that at Eb=25 keV the InGaP related CL bands splits into 2 well defined peaks. The high-energy 
CL peak, at 1.98 eV, is attributed to a quaternary compound (InGaAsP), formed by an atomic interdiffusion.   
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